Detailed analyses of pollutants in groundwater from two agriculturally affected catchments in Lower Silesia, Poland, record high contamination of shallow part of the aquifers by NO 3 -, K + and PO 4 3-.
Introduction
Contamination of groundwater with nitrogen compounds was for many years a global problem primarily related to farming (Grinsven et al. 2012 ; Baattrup-Pedersen 2014). In many cases, this is due to the misapplication of agrotechnical treatments, storage and use of mineral and organic fertilisers and plant protection products, improperly conducted animal husbandry and discharge of waste water from rural households (Ju et al. 2006 ). High concentrations of nitrogen compounds in the water would pose a hazard to the health of humans and animals. In addition, increase in nitrate amount may cause eutrophication of rivers, lakes and seas (Wick et al. 2012) . It is estimated that under favourable hydrological conditions, it could diffuse pollution of nitrogen compounds from agricultural sources and may constitute up to half of the total emission of these substances into water (Guzik et al. 2005 ). The problem is the prevalence of shallow groundwater contamination (farm's well, shallow municipal wells) where more than 50% of the water points have water with concentrations exceeding 50 mg NO 3 /dm 3 . They provide a deeper way to recharge aquifers including major groundwater basins (MGBs) -prospective sources of water supply, requiring special protection (Witczak et al. 2005) . MGBs protection should not be limited only to the designation of protected areas. It is necessary to manage water and have proper spatial planning referring to the recharging area, water catchment and basin. In 2000, the Department of Geology of the Ministry of the Environment of Poland presented the 'Strategy of protection against pollution of groundwater, especially the MGBs' . Therefore European Union it has taken the necessary steps and with member states, including Poland were required to implement the EU directives, in particular the Water Framework Directive (WFD) (2000/60/EC), including the so-called Nitrates Directive (91/676/EWG) and the adaptation of Polish law to EU requirements (Grinsven et al. 2012 ; Witczak et al. 2005; Żurek 2009 ). One of the key tools for achieving the objectives of the WFD is the monitoring of groundwater, which should provide a consistent and comprehensive overview of water status within each river basin. In Poland, it is implemented under the State Environmental Monitoring (SEM) (Tokarczyk-Dorociak & Gębarowski 2011). The aim of this study was to analyse and compare the state of pollution of groundwater in the area of two lowland agriculture catchments -Cicha Woda and Sąsiecznica (Figure 1 ). On the catchment of both areas, the points of SEM are located but only the Cicha Woda area from the source to the estuary to the Odra River were classified as nitrate vulnerable zones (NVZ),
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from which the runoff of nitrogen from agricultural sources into these waters should be limited. Research conducted in various areas of Poland showed that the management of the farmland is situated within NVZ expanse has no different form of the practices from those used outside of the designated areas. Reference is made to focus on the need of conducting targeted research on the distribution and variability of the areas at the time of the contents of nitrates in groundwater located also outside designated NVZ expanse (Czebreszuk et al. 2011 ). In areas occupied by grassland in Poland, there is a relatively large contribution of contaminated groundwater by nitrate. This suggests the need to consider changing the criteria for determining the NVZ (Pietrzak 2012) . For example, research conducted in a developed agriculture part of the catchment of the river Bierawka indicated a strong transformation of chemistry and a high degree of degradation of groundwater quality, which has a negative impact on the environment of groundwater and surface water (Czajkowska 2010) . 
Study area
Observed catchments are located in Lower Silesia. Cicha Woda is a left tributary of the Odra River and flows through the eastern part of the district of Legnica, from south to north. Sąsiecznica is a left tributary of the Barycz River. It flows mostly through the northern part of the district of Trzebnica (Figure 1) . Cicha Woda is a second row watercourse, a left tributary of the Odra River, which flows into 313.1 km. The entire length of the river is 54.4 km, whilst the catchment area is 348.2 km 2 . Its sources are on the Sudetic Foreland at an altitude of approximately 280 m a. s. l. The rest of the basin lies within the Plains of Wroclaw. The river has poor natural drainage, so in periods without rainfall in the basin, the groundwater table is low; therefore there will be poor retention capabilities (Mroczkowska 1997) . Cicha Woda catchment is situated on the Fore-Sudetic Block formed in Neogene and then is covered by high thickness Cenozoic complex of sediments. Differentiation of lithostratigraphic in conjunction with varied and complicated tectonics gives a mosaic picture of the geological structure (Stupnicka 1997 ). There are varied hydrogeological conditions in the catchment. The Quaternary aquifer appears quite shallow and changes with weather conditions. In the Quaternary deposits, there is one or two aquifers, with thickness from a few to several meters, which are not usually in hydraulic contact with the underlying aquifers. Contact is only possible within the zones of occurrence of deep cuts by the gutters subglacial tracks ranging up to Middle Miocene. These water are usually exploited by shallow dug wells. Discharge of these aquifers is low, the water table is an unconfined or slightly confined. Within the Miocene deposits, there are usually three distinct aquifers. In the Oligocene deposits, there is one aquifer with no hydraulic contact with the Miocene. The most important hydrogeological significance on the catchment area is the Neogene aquifer. These waters are classified as the MGB No. 319 -Subzbiornik Prochowice-Środa Śląska (Mroczkowska 1997). Cicha Woda from the source to the estuary of the Odra River is identified as the NVZ. Owing to the high concentration of nitrogen compounds in the Cicha Woda, the shallow groundwater is potentially under the risk of groundwater contamination (Hanula 2014 (Michalska 2002) . Hydrogeologically, the area is part of the Wielkopolski region (VI), sub-glacial valleys Barycz-Głogów (VI.6) and sub-trzebnicki region (VI.7). The Quaternary aquifer is composed of Pleistocene glaciofluvial deposits; it occurs mainly in the sands and gravels of alluvial and fluvioglacial forming throughout the system. Aquifers are poorly isolated from surface water by clay-silt series with a thickness of 8-48 m. The first shallow water table is unconfined, whilst the deeper layers are subartesian. Unconfined aquifer is located at a depth of 0.5-24 m, whilst the confined aquifer is located at a depth from 0.5 to 22 m. The Quaternary aquifer is recharged by infiltration of precipitation or seepage through the semi-permeable sediments. A characteristic feature of Quaternary formation is the occurrence of different water types. The Neogene aquifer consists of clay-mudstones, sandy-sandstones and limestones. There are two aquifers: the main Miocene and the locally occurring Oligocene. Recharge is followed by seepage of water from the Quaternary aquifer or by overburden clay -loam sediments of a poorly permeable and very poorly permeable (Wojciechowska 2000) . In the northern part of the catchment, there is a fragment of the MGB No. 303 Pradolina Barycz-Głogów (E). It is essential for supplying the population with drinking water. The reservoir is operated by the local water supply and agricultural and industrial plants. It covers the eastern part of its range Pradolina BaryczGlogow (Kleczkowski 1990 ). Occurring in the Cicha Woda catchment point and non-point pollution sources of surface water and groundwater is a drain area from agriculture and the lack of sewerage system in villages, through which Cicha Woda flows. For example, in the Ruja municipality, an indicator of the amount of house connections to the sewerage network is very low, at 6.1 connections per 100 buildings (Szołek & Sutkowski 2004) . In addition, the water quality of the river is affected by point sources of pollution, including wild landfill.
Methods
In order to determine the chemical composition of groundwater in two research catchments, we selected 34 measuring points. In the Cicha Woda catchment, 22 points were selected, of which 14 ousehold dug wells and 1 drilled well water exploited the first Quaternary aquifer, 7 points are drilled wells that exploited Neogene aquifer water for the needs of water supply residents of the municipality Malczyce. In the Sąsiecznica catchment, 12 points were chosen. Eleven are backyard dug wells and one well is drilled ( Figure 1 ). When selecting the wells, the specific criteria such as their technical condition, land use and land development in the surrounding area to avoid the impact of point sources pollution were used. Depth to the first groundwater level varied from less than 1 to 15 m. For this reason, the interpretation of the content of nitrogen compounds was limited to the analysis of the area without taking into account the changes in the vertical profile. Groundwater sampling was performed twice, in spring (May 2014) and autumn (October 2014). This choice was based on the terms of fertilising fields. The first series of tests (spring) was performed after an intensive fertilisation and the second (autumn) is associated with the end of the growing season, in which the increase in nitrogen leaking from the soil to the deeper parts of the lithological profile is observed (Żurek 2002) . Sampling was conducted at average groundwater levels hydrodynamic conditions. The collected samples were analysed for different physico-chemical parameters. During the field test, the temperature, pH value and electrical conductivity using multifunction meter CX401 Elmetron were measured. By laboratory tests, the concentration of nitrates, nitrites, ammonium, chloride, sulphate, phosphate and sodium, potassium, magnesium and calcium were measured. Analyses were performed using Waters Alliance HPLC 2695 with conductivity and photodiode array detector (PDA). Moreover, the total alkalinity was determined by titration using the strong HCl acid in the presence of an indicator. Afterwards, we calculated the amount of bicarbonates.
Results
In the Cicha Woda catchment, the Quaternary aquifer was characterised by high total mineralisation. The electrical conductivity of these waters ranged from 353 to 2,520 µS/cm, with an average of 989 µS/cm and a median of 1,016 µS/cm. The average pH value was close to neutral (median 6.84, average 6.90) but varying in the range of 5.96-8.12. Mutual relations between the major ions were predominantly compatible with water types with bicarbonate and sulphate anions and calcium and sodium cations. However, in part of test points, significant presence of chloride and potassium ions was observed ( Figure 2 . In the six points examined, we observed increased concentrations of PO 4 3−− ions ranging from 2.58 to 14.10 mg/dm 3 , whilst the NH 4 + ion concentration in all the examined points did not exceed 0.01 mg/dm 3 ( Table 1 ). The electrical conductivity of Neogene aquifer waters ranged from 305 to 632 µS/cm, with an average of 449 and a median of 431 µS/cm. The average pH was weakly acid (median 6.44, average 6.45), varying in the range of 6.06-6.87. Mutual relations between the major ions were predominantly compatible with water types with bicarbonate anion and calcium and sodium cations. In four test points, the presence of sulphate and bicarbonate anions and calcium cations was observed (Figure 2 Table 2 ). The Sąsiecznica catchment parameters of the Quaternary aquifer are presented as follows: the electrical conductivity varied from 225 to 1,862 µS/cm, with an average of 838 and a median of 825 µS/cm. The average pH value of this water was as previously close to neutral (median 6.72, average 6.81), in the range of 6.34-7.7. The major ions were bicarbonate anions and calcium and sodium cations ( Figure 3 ). (Table 3 ).
Discussion
The chemical composition of groundwater is influenced by a variety of factors related to both natural causes and anthropogenic activities. In the studied multi-ions groundwater, HCO 3 anion was dominant, but SO 4 2− , Cl − , K + and Na + ions also appeared in significant amounts can testify about the impact of human pressure or geogenic factors on the composition of the groundwater (Figures 2 and 3 (Tables 2 and 4 ). The groundwater pH values for Quaternary aquifer of the Cicha Woda basin is mostly in the range of limits for good status of groundwater (Table 1 ). In the Sąsiecznica basin, slightly acidic pH occurred in 5 and 3 points (spring/autumn series), but only for 1 point (S1), it occurred repeatedly (Table 3) . It may depend on few factors: type of soil, whose pH is characterised between 4.5 and 6.5 on most of the research area (http://www.gios.gov.pl/ chemizm_gleb). It could be also related to precipitation or local sewage pollution. The groundwater from Neogene aquifer presents the slightly acidic character for more of samples (Table 2) . This is rather typical for this water, confirmed by the analyses conducted by the Water Supply Station 'Malczyce' . , NO 3 − and NO 2 − ions concentration was observed in groundwater from Quaternary aquifer . For the Sąsiecznica basin, the NH 4 + reached the V class in one point (spring and autumn) and IV class also in one point (spring). For Cicha Woda, the IV class is achieved according to SO 4 − ion in two points and in one point for Ca + ion. In the vast amount of research points for both basins, concentration of K + in many points reaches the V class (Tables 1, 3 (Tables 1 and 3) . NO 3 − , PO 4 3-and K + ions are macronutrients essential for plant growth. These elements are most rapidly removed from the soil by plant. Unlike NO 3 − and PO 4 3-, K + has no known deleterious effects on the quality of natural waters but can be used as an indicator of potential sources of contamination (Syers 2005 3 ) may suggest the likely use of nitrogen-potassium fertiliser, which is known as one of the cheapest product in this field (Tables 1 and 3 ). This benefit for farmers, when using the wrong application, may pose the threat to the environment. However, K + cation is more strongly bound than NH 4 + , Ca + or Mg + ; therefore, the loss of soil by leaching can be several times smaller as compared to Ca + or Mg + . The good source of NO 3 − that pose a serious threat can be improperly managed farmyard manure. The wastewater discharged directly on the ground contains large amounts of nitrogen compounds and pollute the groundwater. The same regularities concern the concentration of NO 3 − and NH 4 + ions in the groundwater. Pollution of groundwater by these ions occurred not only in the place of manure storage but also outside of it, in the horizontal direction of migration of pollutants in the soil profile (Pietrzak 2011) . Spatial diversity of NO 3 − for the Cicha Woda catchment indicates the higher values in the northwestern and southeastern outskirts, it is converged with spatial diversity of K + . This dependence is confirmed by the Pearson linear correlation analysis between K + and NO 3 − ions, where the R index shows strong correlation on the Cicha Woda catchment, R = 0.76. In the Sąsiecznica basin, high concentration of NO 3 − is noticed in the central part of the study area, also similar to the spatial diversity of K + . The correlation index is also within the average range, R = 0.50 (Figure 4) . The lowest concentration of both NO 3 − and K + ions appears in two points located on southwestern part. Also good quality of water is noticed on eastern part of the basin, which may be due to the forest land use. Assessing the impact of shallow Q groundwater into deeper Neogene aquifers based on the Cicha Woda basin, there is no significant effects of interactions. Probably, it is due to the lack of hydraulic contact between them (Mroczkowska 1997). In 2008-2010, it was found (data for whole Poland area) that in the spring (basing on average values), in around 18.2% of sampling points, nitrate concentrations in water exceeded 50 mg/dm 3 and were between 25 and 50 mg/dm 3 in 16.4% of the points. In the autumn, the percentage of monitoring points in these classes of contamination were much smaller: 10.1% and 11.1%, respectively. The enrichment of groundwater in nitrates was higher in spring than in autumn (Pietrzak 2012 Between 1860 and the early 1990s, the amount of reactive forms of nitrogen (Nr) created by natural terrestrial processes decreased by around 15%, whilst Nr creation by anthropogenic processes increased by around ten-fold. This results in increasing in nitrate levels in groundwater and is of growing concern in many regions of the world. In the United States, nitrate levels are higher than 10 mg N/m 3 in approximately 20% of wells in farmland areas, between 2 and 10 mg N/m 3 in 35% of wells, and below 2 mg N/m 3 in only 40% of wells. Nitrate levels in China and India are also often high and generally correlated with the rate of use of nitrogen fertiliser; the similar condition prevails in Europe too (Pietrzak 2012) . As regards the protection of waters against pollution until the end of 2015, Poland shall ensure 75% reduction of the total loads of nitrogen and phosphorus in municipal sewage, continuing the process of modernisation, extension and building new sewage treatment plants within the National Programme for Municipal Waste Water Treatment (http://www.gios.gov.pl/stansrodowiska). According to the Regulation of the Minister of Health of Poland from 20 April 2010 on the quality of water intended for consumption from the Cicha Woda area, there are 12 and 8 points (in spring and autumn, respectively) with exceeding nitrogen concentrations and accordingly 1 and 6 points (in spring and autumn, respectively) that comply with the standards of Regulation. In Sąsiecznica, the wells in seven and five points (in spring and autumn, respectively) are with higher amount of mineral nitrogen and the good quality of water for consumption is noticed in one and five points, respectively.
Conclusions
The study demonstrate the contamination of mineral nitrogen compounds of shallow Quaternary aquifers in two catchments -Cicha Woda and Sąsiecznica. Despite the fact that only the Cicha Woda catchment is classified as NVZ, the quality of the Sąsiecznica basin groundwater was also unclassified. The content of mineral nitrogen in water samples exceeds standards for both research series (spring and autumn). The exceedance of other ions such as potassium and phosphorus indicates the agricultural origin of the pollution. The amount of mineral nitrogen 
